Allenes are important structural motifs found in natural products and are key intermediates in the synthesis of complex and bioactive molecules.[@cit1] Useful methods[@cit1d],[@cit2] for the synthesis of allenes include molecular rearrangement,[@cit3] nucleophilic substitution,[@cit4] 1,4-addition[@cit5] and other methods.[@cit6] Among these methods, 1,4-difunctionalization of 1,3-enynes is particularly appealing because it enables two functionalities to be incorporated simultaneously. Regioselective introduction of an alkyl and an aryl group into allene moieties is of great interest as it can significantly diversify the structures of the resulting allenes. There is however only one example of 1,4-alkylarylation of 1,3-enynes. In this reaction, developed by Ma *et al.* ([Fig. 1a](#fig1){ref-type="fig"}),[@cit7] alkyl lithium reagents were used as nucleophiles to initiate the reaction, followed by Li--Zn exchange and cross coupling with aryl halides serving as the electrophiles. Allenyl anions were proposed as the intermediates. Using alkyl-metallic reagents, groups led by Kambe,[@cit8] Yoshida,[@cit9] and Kimura[@cit5e] have developed efficient 1,4-dicarbofunctionalizations of 1,3-enynes with other electrophiles.

![1,4-Alkylarylation of 1,3-enynes.](c8sc05689g-f1){#fig1}

Although alkyl-metallic reagents are highly reactive, there are some limitations associated with such compounds. For example, organometallic reagents are sensitive to moisture and reactions involving them usually have low functional group compatibilities both in the organometallic reagents and in other reaction partners. To meet the needs of alkylating reactions in organic synthesis, several non-traditional types of alkylating reagents, including alkyl boronates,[@cit10] redox-active esters,[@cit11] and alkyl peroxides[@cit12] have been developed and studied recently.

Our previous studies revealed that alkyl peroxides generated from the corresponding alkyl carboxylic acids, can in the presence of a copper,[@cit13] iron[@cit12] and HOTf[@cit14] catalyst act simultaneously as alkylating reagents and internal oxidants. Actually, the alkyl diacyl peroxides in a catalytic system can be simply regarded as masked alkyl electrophiles ([Fig. 1b](#fig1){ref-type="fig"}). Thus, we wondered whether alkyl peroxides can initiate the 1,4-alkylarylation reaction of 1,3-enynes to form allenes. This would offer an unprecedented strategy to allenes, most importantly, overcoming many of the difficulties associated with organometallic reagents.

Herein, we report that alkyl peroxides enable 1,4-alkylarylation of 1,3-enynes to form allenes, a reaction in which alkyl peroxides serve as the masked alkyl electrophiles and aryl boronic acids serve as nucleophiles ([Fig. 1c](#fig1){ref-type="fig"}). Mechanistic studies suggest that this reaction proceeds through an allenyl radical[@cit15] pathway,[@cit16] which is relatively rare in allene synthesis.

We initiated our studies by screening the reaction conditions employing a 1,3-enyne (**1a**), lauroyl peroxide (LPO, **2a**) and phenylboronic acid (**3a**) as the starting materials and *N*,*N*-diisopropylethylamine (DIPEA) as a base ([Table 1](#tab1){ref-type="table"}). The results of screening of the reaction conditions are detailed in the ESI.[†](#fn1){ref-type="fn"} Our experiments revealed that Cu(CH~3~CN)~4~BF~4~ is optimal and the ligand is the key element for this reaction. As shown in [Table 1](#tab1){ref-type="table"}, bipyridine ligands (**L1--L4**) show low reactivities, while phenanthrolines, phosphoramidite, Phox and bipyridine oxazoline ligands (**L5--L9**) fail to afford the desired product. Chiral bisoxazoline ligands (**L10--L12**) on the other hand, proven to be excellent ligands for the copper-catalyzed asymmetric synthesis of CF~3~-substituted 1,1-diarylethanes, but they show poor reactivity and enantioselectivity in the present reaction.[@cit17] A dramatic increase in the yield of the reaction was observed when tridentate Py-Box ligands (**L13--L16**) were used. Although the enantioselectivities are still not satisfactory for the chiral ligands, the reactivity for **L16** is useful. Thus, (±)-**L16** was studied, providing an identical yield (70%).

###### Ligand screening[^*a*^](#tab1fna){ref-type="fn"} ^,^[^*b*^](#tab1fnb){ref-type="fn"}

  -------------------------------
  ![](c8sc05689g-u1.jpg){#ugr1}
  -------------------------------

^*a*^Reaction conditions: **1a** (0.2 mmol, 1 equiv.), **2a** (0.3 mmol, 1.5 equiv.), **3a** (0.6 mmol, 3 equiv.), Cu(CH~3~CN)~4~PF~6~ (5 mol%), ligand (7 mol%), DIPEA (0.6 mmol, 3 equiv.), THF (1 mL), rt.

^*b*^Isolated yield.

^*c*^All chiral ligands provide product with less than 5% ee.

With the optimal reaction conditions in hand, the substrate scope of 1,3-enynes was explored as shown in [Table 2](#tab2){ref-type="table"}. Both electron-donating and electron-withdrawing substituents on the aromatic ring of R^1^ are suitable for this coupling reaction, which affords the tetrasubstituted allene products (**4b--4h**) in moderate to good yields (46--73%). A naphthyl group is also compatible with this reaction, producing **4i** in 54% yield. In the substituent R^2^ group, functional groups such as phenyl, cyclohexyl, ester, and free hydroxyl group are tolerated, giving the desired products (**4j--4n**) in 32--69% yields. Products **4o** and **4p** are obtained in 49% and 27% yields respectively, when R^1^ is a methyl group. Internal alkenes can also participate in the reaction, albeit with relatively lower yields of the corresponding products (**4q**, **4r**). Diphenyl substituted 1,3-enyne affords a triphenyl allene (**4s**) in 46% yield. A terminal alkyne can also be employed in this reaction and provides the corresponding product (**4t**) in 32% yield. The accompanied side reactions toward the terminal C(sp)--H bond might be responsible for the low yield.

###### Substrate scope of 1,3-enynes[^*a*^](#tab2fna){ref-type="fn"}

  -------------------------------
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  -------------------------------

^*a*^Reaction conditions: **1** (0.2 mmol, 1 equiv.), **2** (0.3 mmol, 1.5 equiv.), **3a** (0.6 mmol, 3 equiv.), Cu(CH~3~CN)~4~BF~4~ (5 mol%), ligand (7 mol%), DIPEA (0.6 mmol, 3 equiv.), THF (1 mL), rt.

^*b*^Yield after deprotection of the TMS ether *in situ*.

^*c*^The dr value was determined by GC-MS analysis.

The substrate scope of alkyl diacyl peroxides was studied ([Table 3](#tab3){ref-type="table"}). Primary alkyl diacyl peroxides functionalized with halide, carbonyl, ester, alkenyl or adamantanyl groups are converted into the desired products (**5a--5i**) in 49--72% yields. Furthermore, secondary alkyl diacyl peroxides can also be employed in the reaction, providing the corresponding products (**5j**, **5k**) in moderate yields.

###### Substrate scope of alkyl diacyl peroxides[^*a*^](#tab3fna){ref-type="fn"}

  -------------------------------
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  -------------------------------

^*a*^Reaction conditions: **1a** (0.2 mmol, 1 equiv.), **2** (0.3 mmol, 1.5 equiv.), **3a** (0.6 mmol, 3 equiv.), Cu(CH~3~CN)~4~BF~4~ (5 mol%), ligand (7 mol%), DIPEA (0.6 mmol, 3 equiv.), THF (1 mL), rt.

Finally, we examined the substrate scope of aryl boronic acids in this transformation ([Table 4](#tab4){ref-type="table"}). A range of aryl boronic acids bearing substituent(s) such as phenyl group, methyl group, chloride, or fluoride, can afford the desired products (**6a--6h**) in 35--77% yields. Product **6i** bearing a naphthyl group is formed in 61% yield. Heterocyclic aryl groups, such as thienyl, are also compatible with this reaction, and the corresponding product **6j** is obtained in 69% yield. However, alkyl boronic acids are unreactive.

###### Substrate scope of aryl boronic acid[^*a*^](#tab4fna){ref-type="fn"}

  -------------------------------
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  -------------------------------

^*a*^Reaction conditions: **1a** (0.2 mmol, 1 equiv.), **2a** (0.3 mmol, 1.5 equiv.), **3** (0.6 mmol, 3 equiv.), Cu(CH~3~CN)~4~BF~4~ (5 mol%), ligand (7 mol%), DIPEA (0.6 mmol, 3 equiv.), THF (1 mL), rt.

^*b*^Reaction conditions: **1a** (0.2 mmol, 1 equiv.), **2a** (0.3 mmol, 1.5 equiv.), **3** (0.6 mmol, 3 equiv.), Cu(CH~3~CN)~4~BF~4~ (5 mol%), ligand (7 mol%), DMF (1 mL), THF (1 mL), rt.

The synthetic applications of this method have been demonstrated ([Fig. 2](#fig2){ref-type="fig"}). The allene (**4a**) can react with *N*-iodosuccinimide (NIS) to afford an indenyl iodide in 75% yield.[@cit6l] When treated under acidic reaction conditions, the allene (**6i**) is transformed into the 1*H*-indene (**8**) in 60% yield. Moreover, proton- or NIS-mediated cyclization of **4p** afford 2*H*-pyrans (**9**, **10**) in 51% and 56% yields, respectively.

![Synthetic applications.](c8sc05689g-f2){#fig2}

Preliminary mechanistic studies were carried out in an effort to obtain more information about the mechanism of this reaction ([Fig. 3](#fig3){ref-type="fig"}). First, an experiment with three equivalents of 2,2,6,6-tetra-methyl-1-piperidinyloxy (TEMPO), a radical-trapping reagent, was performed. The expected product (**4a**) was not formed, and compound **11** was identified by GC-MS analysis, indicating the formation of an alkyl radical species ([Fig. 3a](#fig3){ref-type="fig"}). Second, radical clock experiments with three different substrates were performed. Interestingly, substrates **12** and **14** were found only to produce allenyl compounds (**13**, **15**) in moderate yields. No ring-opening product from **12** or ring-closing product from **14** was detected, suggesting that the rate of formation of the allene product is the much faster reaction ([Fig. 3b](#fig3){ref-type="fig"}). When an alkyl diacyl peroxide (**16**) was used as the alkylating reagent, both the vinylated allene (**17a**) and cyclopentylated allene (**17b**) were obtained. This reaction further supports the possibility of the formation of alkyl radicals. Notably, a trace amount the homocoupling product was detected in almost all of the reactions.[@cit18] More of the homocoupling product was observed with bidentate bisoxazoline ligands. When using **L10** as a bidentate ligand, a mixture of homocoupling dimers was obtained in 60% yield along with 6% yield of the allene product **19** ([Fig. 3c](#fig3){ref-type="fig"}). Remarkably, the propargyl radical dimer **20** was crystallized from the mixture and the structure was confirmed by X-ray crystallography. This result suggests the existence of a propargyl radical which is a resonance structure of allenyl radical.[@cit15b]

![Mechanistic studies.](c8sc05689g-f3){#fig3}

Based on these studies, a plausible mechanism is proposed and is shown in [Fig. 4](#fig4){ref-type="fig"}. The Cu([i]{.smallcaps}) species (**A**) reacts with an alkyl diacyl peroxide generating an alkyl radical and a Cu([ii]{.smallcaps}) species (**B**) *via* a single electron transfer. Then the alkyl radical attacks a 1,3-enyne to give a propargyl radical (**C**), which can be converted to the allenyl radical species (**D**). The Cu([ii]{.smallcaps}) species (**B**) can exchange its ligand with ArB(OH)~2~ to generate the Ar--Cu([ii]{.smallcaps}) species (**E**). Two possible pathways might be involved in the catalytic cycle: path a (outer-sphere) is the radical homolytic substitution interaction[@cit19] between the Ar--Cu([ii]{.smallcaps}) species (**E**) and the allenyl radical, leading to the product and regenerating the copper catalyst. In path b (inner-sphere), a Cu([ii]{.smallcaps}) species (**E**) combines with the allenyl radical species (**D**) to form a Cu([iii]{.smallcaps}) intermediate (**F**), which by reductive elimination, generates the target product and the Cu([i]{.smallcaps}) species (**A**). As shown in the mechanistic cycle, the three-component reaction involves 1,3-enyne as a neutral substrate, aryl boronic acid as a mild nucleophile, and alkyl peroxide as an electrophile in the absence of extra oxidant or reductant. The alkyl peroxide can generate an alkyl radical and oxidize the Cu([i]{.smallcaps}) to Cu([ii]{.smallcaps}), a subsequent oxidant to turn over the reaction. Thus, the alkyl peroxide acts as, more precisely, a masked alkyl electrophile.

![Plausible catalytic cycle.](c8sc05689g-f4){#fig4}

Conclusions
===========

In conclusion, we have developed a copper-catalyzed 1,4-alkylarylation of 1,3-enynes which affords diverse tetra-substituted allenes under mild reaction conditions. Functionalized alkyl diacyl peroxides are used as masked alkyl electrophiles and aryl boronic acids as aryl nucleophiles. The tetrasubstituted allenes obtained in this way can be easily transformed into useful specific compounds such as 1*H*-indenes, 2*H*-pyrans, and their iodo-derivatives. Preliminary mechanistic studies suggest the involvement of radical species and a radical addition mechanism for this reaction is proposed.
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